Objective To investigate the impact of corticosteroid therapy on the growth of participants in the Steroids in Biliary Atresia Randomized Trial (START) conducted through the Childhood Liver Disease Research Network. The primary analysis in START indicated that steroids did not have a beneficial effect on drainage in a cohort of infants with biliary atresia. We hypothesized that steroids would have a detrimental effect on growth in these infants.
B
iliary atresia is the most common cause of cirrhosis with end-stage liver disease in infancy and is the leading indication for liver transplantation in early childhood. Hepatoportoenterostomy (HPE) is successful in extending transplantfree survival in approximately 50% of patients, delaying the need for transplantation into later childhood or beyond. [1] [2] [3] There have been multiple focused efforts to improve transplant-free survival by refining the surgical procedure and maximizing medical management over the past 30 years. 4 One of the most recent was the Steroids in Biliary Atresia Randomized Trial (START) conducted through the Childhood Liver Disease Research Network (ChiLDReN). 5 This randomized, multicenter, double-blind, placebo controlled trial of steroid therapy following HPE in 140 infants with biliary atresia did not demonstrate a treatment benefit in bile drainage at 6 months or survival with native liver at 24 months. 5 Furthermore, steroid treatment was associated with earlier onset of serious adverse events. The trial included standardized measurement of growth in participating infants and represents one of the largest and most comprehensive anthropometric data sets in a population of infants with chronic and end-stage liver disease.
Growth failure and malnutrition are common in children with advanced liver disease and have been attributed to multiple factors. These include increased energy requirements, derangements in metabolism, anorexia, early satiety, abnormal nutrient absorption, and alterations in the growth hormone axis. [6] [7] [8] [9] [10] Growth failure and malnutrition increase the risk of complications and mortality in infants requiring liver transplant. 11, 12 Although children display accelerated growth following successful transplant, catch up growth is frequently incomplete in infants with severe deficits prior to transplant. 13, 14 In a retrospective study of 100 infants with biliary atresia, our group previously reported that deficits in weight and length were most pronounced in infants with unsuccessful HPE and that slower growth was an early indicator of poor outcome in those with incomplete drainage. 15 The focus of this report is to detail growth measurements in the patients included in the START trial and examine the impact of steroid exposure on growth trajectory in this vulnerable infant group. This analysis expands upon our previous work by including head circumference, midarm circumference, and triceps skinfold, which can improve accuracy in assessment of nutritional status in infants with end-stage liver disease in whom ascites and organomegaly confound weight measurement. Differences in growth trajectory are compared by HPE outcome to further our understanding of the impact of progressive cholestatic liver disease in infancy.
Methods

Study design
The START protocol, methods, and baseline characteristics of the cohort have been described previously. 5 Between September 2005 and February 2011, 140 infants with biliary atresia were randomly assigned to receive double-blind therapy with either steroid or placebo; 14 clinical sites in the ChiLDReN network participated in the study. Randomization was performed centrally by the data coordinating center and was stratified by study center in blocks of 4. Treated patients received methylprednisolone or prednisolone at a dose of 4 mg/kg/d (weeks 1-2), 2 mg/kg/day (weeks 3-4), 1 mg/kg/day (weeks 5-6), and were subsequently tapered off over a 7-week period. Of note, participants received medium chain triglyceride enriched formula in quantities adequate to ensure appropriate caloric intake. However, recording of actual volume of formula ingested or calorie counts were not part of the study protocol.
Patient Population
Infants who had biliary atresia and had been enrolled in the ChiLDReN PRospective OBsErvational study of cholestasis in infancy (PROBE) and later underwent HPE were recruited. Inclusion criteria were age 180 days or younger, serum direct or conjugated bilirubin level of 2 mg/dL and higher and >20% of total bilirubin, postconception age of 36 weeks or older, and weight of 2000 g or greater. Exclusion criteria included previous hepatobiliary surgery, known immunodeficiency, diabetes mellitus, or significant systemic hypertension for age.
Growth Measures
Length, weight, head circumference, midarm circumference, and triceps skinfold thickness were obtained at baseline and at 1, 2, 3, and 6 months following HPE, and measurements were repeated at 12, 18, and 24 months of chronologic age. Weight was also measured at 2 weeks following HPE. All measurements were performed according to standardized practices and patients were placed in the recumbent position for length measurements. Z scores were calculated using macros provided by the Centers for Disease Control and Prevention [https:// www.cdc.gov/nccdphp/dnpao/growthcharts/resources/ index.htm] (SAS Institute, Cary, North Carolina). Length, weight, weight-for-length, and head circumference z scores were calculated using the Centers for Disease Control and Prevention growth charts. Arm circumference and skinfold thickness z scores were calculated using the World Health Organization growth charts, using the maximum age of 730 days allowable by the macro for participants 731-737 days old at their last visit (n = 4 arm circumference measures, n = 3 skinfold thickness measures). Arm measures for the unsuccessful HPE group at 18 months and 2 years are not included in the analysis because of small numbers. In addition, arm measures in the successful HPE group from >737 days of age were excluded from analysis (n = 19). Z scores flagged by the programs as not biologically plausible were excluded from analysis (up to 2% of values). In addition, length z scores and head circumference with a change of ≥1 between visits were excluded from the longitudinal analysis (up to 1% of values).
Statistical Analyses
Descriptive statistics (mean and SD) of all outcome measures at all time points were calculated by treatment arms. At each time point, we compared these outcomes with the normal population using a Kolmogorov-Smirnov goodness-of-fit test compared with the standard normal distribution. Comparisons between treatment arms were made using a KolmogorovSmirnov 2-sample test. P values were not adjusted for multiple comparisons. Successful HPE was defined as a total bilirubin <1.5 mg/dL at 6 months post-HPE with native liver, unsuccessful otherwise. Because HPE outcome has significant effect on growth trajectory, 15 we also calculated descriptive statistics for all outcome measures stratified by HPE outcome.
Given that 39% of participants either died (n = 5) or were transplanted (n = 50) prior to the 24 month time point, a joint model of the repeated growth measure and transplant or death time was used to compare the longitudinal growth trajectory between the 2 arms. 16 This analysis can adjust for the potential bias because of informative dropout caused by transplant and death. Penalized B-splines were used in the model to capture the nonlinear growth trajectories. 17 c 2 test was used to compare whether the overall growth trajectories differ between placebo and steroid groups. Estimated mean trajectories and their 95% CIs were plotted to visually present the difference between the 2 groups and help interpret the testing results. The comparison was performed for the overall study population and separately for participants with successful versus unsuccessful HPE.
Results
The trial included 140 patients, with 70 randomized to each arm, 51% female, 64% white, and 4% with biliary atresia THE JOURNAL OF PEDIATRICS • www.jpeds.com Volume 202 • November 2018 splenic malformation syndrome (BASM) ( Table I ; available at www.jpeds.com). Enrollment began in September 2005 and ended in February 2011. Mean age at HPE was 2.3 ± 0.9 months. As previously described, 5 the primary study endpoint of serum bilirubin level <1.5 mg/dL with native liver 6 months following HPE was met in 58.6% of patients treated with steroids versus 48.6% of placebo treated patients; adjusted relative risk 1.14 (95% CI 0.83-1.57, P = .43). Overall survival with native liver at 24 months was 59% (58.7% steroid group vs 59.4% placebo treated [adjusted hazard ratio 1.0 [95% CI 0.6-1.8, P = .99]). Among infants surviving with native liver at 1 year of age, 8 of 75 (11%) infants with successful HPE and 10 of 25 (40%) infants with unsuccessful HPE were receiving supplemental nutrition sources including tube feedings and/or total parenteral nutrition ( Table II; available at www.jpeds.com). Vitamin D status by HPE outcomes is depicted in Table III (available at www.jpeds.com). At 6-month follow-up significantly more infants with unsuccessful HPE 21 of 42 (50%) had documented vitamin D deficiency than infants with successful HPE 5 of 75 (7%) (P < .0001). Table IV (available at www.jpeds.com) details the outcomes of infants in both treatment arms at the measurement time points. Measurements after liver transplantation were not included in this analysis.
Table V details length, weight, and head circumference z scores at measurement time points for both treatment arms with comparisons with normal and between groups. Z scores for length were significantly lower than the norms from baseline through 24 months of age for the steroid arm and through 18 months of age for placebo arm. Patients treated with steroids had significantly lower length z scores at 1, 2, and 3 months post HPE compared with patients in the placebo arm. Z scores for weight in both treatment arms were significantly below normal from baseline through 18 months of age in the steroid arm and through 12 months of age in the placebo arm. Patients in the steroid arm had significantly lower weight z scores than those in the placebo arm from 1 month post HPE throughout the first year of life. Table VI (available at www.jpeds.com) details weight-for-length z scores, which were significantly below normal through 6 months for both groups. The only difference in weight-for-length z score between treatment groups was at 6 months (steroid −0.7 ± 1.23 vs placebo −0.43 ± 1.24, P = .046). Z scores for head circumference were significantly worse than the norms during the first 6 months post HPE, with patients in the steroid arm significantly lower than the placebo are at 1, 2, and 3 months post-HPE.
When growth trajectories were compared by treatment status, steroid and placebo arms differed significantly in length (P < .0001), weight (P = .009), and head circumference (P < .0001). Data stratified by HPE outcome was compared to examine differences in treatment effect in those with successful vs unsuccessful HPE. No significant difference was found in length or weight trajectory by treatment group for patients with unsuccessful HPE (Figure 1, A) . November 2018
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trajectories for patients with successful HPE revealing significantly lower growth trajectory in steroid treated patients compared with placebo patients for both length (P < .0001) and weight (P = .047). For length, the difference between treatment groups was most prominent between 30 to 100 days post-HPE and diminished thereafter. The difference in weight trajectories between treatment groups appeared to last throughout the first year following HPE. Growth trajectory for head circumference was significantly lower in patients treated with steroids in both the successful (P < .0001) and unsuccessful strata (P < .0001) early in the time course, with the difference diminishing after 100 days. Midarm circumference and triceps skinfold thickness were measured on a subset of patients based on availability of trained personnel at the time of each clinical encounter. Steroid therapy was not found to impact z scores for midarm circumference or triceps skinfold thickness (data not shown). Table VII details data from both treatment arms stratified by HPE outcome status compared with normal. Muscle mass as measured by these variables was significantly lower than normal through the first 6 months post-HPE regardless of outcome status. In infants with successful HPE, muscle mass recovery occurred during the second 6 months of life, with significantly higher than normal z scores for midarm circumference at 24 months and triceps skinfold thickness at 18 months. Patients with unsuccessful HPE often exited the study following transplant or death, yielding a small sample size beyond 1 year that limits analysis in this group.
Lastly, we examined the prevalence of linear growth impairment (length <10%) and linear growth failure (length <5%) at key time intervals in the study stratified by HPE outcome status (Figure 2) . At 1 year of age, despite successful HPE, nearly 40% of patients in both treatment groups were less than the 10th percentile for length. Complete details on anthropometry z scores separated by both HPE outcome and treatment group are available in Tables VIII and IX (available at www.jpeds.com).
Discussion
This study afforded the opportunity to examine growth longitudinally in infants with biliary atresia enrolled in a multicenter clinical trial of steroid therapy. Infants in this trial had significantly lower than normal z scores for all growth measures during the first 6 months of life regardless of treatment allocation. Compared with placebo, steroid therapy was associated with significantly lower measurements for length and head circumference during the first 3 months following HPE, with weight remaining lower in the steroid group until 12 months. Growth trajectory models were used to examine the impact of steroid exposure stratified by HPE outcome. In patients with unsuccessful HPE, growth trajectory for length and weight were abnormal but not significantly impacted by steroid therapy. In patients with successful drainage following HPE, steroid exposure had a strong negative effect on both length and weight, which was most pronounced in the first few months following surgery. Growth trajectory for head circumference was negatively impacted by steroid therapy regardless of HPE outcome. Growth failure was prevalent across all strata of the cohort. The highest rate of growth failure was in November 2018
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steroid treated infants with unsuccessful HPE in which 69% of the patients treated with steroids versus 32% of others were below the fifth percentile for length at 6 months. In this trial, unsuccessful drainage following HPE was strongly associated with failing growth, a finding that is consistent with previous reports. 15 Decelerated growth is common in early recovery following HPE, regardless of whether drainage is ultimately effective. However, infants with successful drainage typically have improved growth velocity 3-6 months following HPE. 15 The results of this trial suggest that if infants with successful HPE are exposed to steroids, recovery of growth velocity will be blunted. Even though the observed catch-up growth may seem reassuring, the consequences of transient growth impairment are not fully understood. In particular, slow head circumference growth during the first 3 months may be a reflection of impaired brain growth during this vulnerable time in infancy. Without a proven benefit of steroids to improve biliary drainage, it seems difficult to justify the risk of worsening growth impairment during the first year following HPE.
Muscle mass measurements did not vary by treatment allocation. Z scores for midarm circumference and triceps skinfold thickness were significantly below normal through 6 months of age in both the successful and unsuccessful HPE groups. In those with successful HPE, muscle mass recovers to levels equal to or slightly higher than normal at 24 months of age. Reasons for why these infants would have higher than expected z scores for muscle mass is unclear, but might be related to continued intake of formula with higher caloric density that was initiated during the period of slower growth. Although, the study captured the route of nutritional intake, details regarding caloric intake were not recorded. In those with unsuccessful HPE, the sample size drops considerably after 6 months as children exit the study following liver transplantation. Prior to that point, z scores range from -1.5 to -2.4. Diminished muscle mass may be an early sign of advancing cirrhosis and muscle wasting may increase the risk of frailty. The lower rate of muscle mass data collection compared with length and weight measures across the timespan of the study highlights the reality that these assessments are not a routine aspect of our clinical examination. Frailty is gaining recognition as an important risk factor for both waiting list and posttransplant morbidity and mortality in adults. [18] [19] [20] Assessment of frailty typically includes functional measurements, such as grip strength or a walk test, which are not possible to perform in infants. However, emerging studies in patients with endstage liver disease suggest that sarcopenia, as determined by muscle mass volumes on imaging, correlate well with functional testing. 21 Expanding the routine examination of these patients to include muscle mass measurements using calipers would be a relatively inexpensive and efficient way to screen children for sarcopenia and may lead to earlier identification of children with declining liver function despite adequate bile flow.
Data collection for this trial did not include detailed assessment of nutritional intake. Participants were provided medium chain triglyceride-containing formula to standardize initial formula choice following HPE, but approaches to nutritional support varied across the centers. Supplemental nutritional support, either via tube feedings or parenteral nutrition, was more commonly received by infants with unsuccessful HPE, but nearly 10% of infants with successful outcome were receiving this support at the 6-month follow-up visit. Fat soluble vitamin levels were collected and supplemented per clinical care standards of each site. We report here on vitamin D levels because of the impact on bone metabolism and the potential detrimental effect of deficiency on growth. Patients with unsuccessful HPE were significantly more likely to have measured deficiency of vitamin D. 22, 23 The small number of patients on nutritional therapy did not support analysis to explore associations between supplementation and growth trajectory and muscle mass. Yet, because growth failure and sarcopenia are prevalent problems in the first few months following HPE, focused investigation of optimal nutritional support is an important next step toward maximizing outcomes prior to and following liver transplantation.
A significant limitation of this study is related to the degree of incomplete data collection for anthropometric measurements beyond length and weight. Only 84% of visits with length measurements had head circumference measurements and 51% had muscle mass measurements. There may have been bias in which infants received these extended measurements, but it is difficult to predict the direction of the bias. It is possible that infants with more growth deficits were more likely to have been measured, or alternatively they may have been hospitalized or otherwise less available at the indicated follow-up time points. Even with this limitation, this data collection represents the largest reported sample of infants with biliary atresia to have standardized muscle mass measurements and provides important insights regarding the evolution of sarcopenia in this population. The findings from this study confirm and extend our previous findings that steroids are not beneficial in biliary atresia following HPE. These data should further discourage the ongoing practice of prescribing steroids following HPE.
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